Pseudomonas aeruginosa is an increasingly prevalent opportunistic gram-negative pathogen, which can infect humans, but also plants, nematodes, insects, amoebae, and animals (14, 45, 47) . In humans, it causes infections in immunocompromised hosts such as patients suffering from cystic fibrosis, burns, or cancer and represents a major problem in intensive care units. P. aeruginosa produces and secretes an arsenal of virulence factors, which are all involved in the initiation or establishment of infection processes. These extracellular virulence determinants include not only proteases, lipases, and phospholipases but also nonprotein compounds like iron scavenger siderophores, the polysaccharide alginate, and the biosurfactant rhamnolipid, which is also known as heat-stable hemolysin (46) .
Many of these factors appear to have functions in complex physiological processes related to virulence like adhesion to different surfaces, cellular surface motility, and biofilm formation. P. aeruginosa is capable of performing three different types of cell motility: flagellum-mediated "swimming," type IV pilus-dependent "twitching," and a complex coordinated multicellular migration called "swarming" (16, 39, 48, 54 ). In contrast to that of many other bacteria, swarming of P. aeruginosa is not dependent only on flagella but also on type IV pili (32) . Furthermore, rhamnolipids seem to be required for swarming motility by acting as a surface-modifying agent (32) .
The rhamnolipids produced by P. aeruginosa are composed of mono-or dirhamnose linked to 3-hydroxy fatty acids of various chain lengths. The most abundant rhamnolipid species of P. aeruginosa are L-rhamnosyl-3-hydroxydecanoyl-3-hydroxydecanoate (monorhamnolipid) and L-rhamnosyl-L-rhamnosyl-3-hydroxydecanoyl-3-hydroxydecanoate (dirhamnolipid) (37, 50) . The rhamnolipid biosynthesis pathway (56) includes two sequential rhamnosyl transfer reactions. The membranebound rhamnosyltransferase RhlB catalyzes the formation of monorhamnolipid from the precursors dTDP-L-rhamnose and 3-hydroxyalcanoyl-3-hydroxyalcanoate (HAA). Subsequently, dirhamnolipid can be formed by the RhlC-catalyzed addition of another molecule of dTDP-L-rhamnose to monorhamnolipid (37, 43, 46) . The rhlB gene, encoding rhamnosyltransferase 1, is arranged in a bicistronic operon together with rhlA, which encodes an enzyme involved in the synthesis of the fatty acid dimer moiety of rhamnolipids and HAAs (16) . HAAs have been identified as precursors in rhamnolipid biosynthesis and are also detectable in P. aeruginosa culture supernatants, possess potent surface-active properties, and affect swarming motility (16, 35) .
The biosynthesis and biochemistry of rhamnolipids have been extensively studied; however, the exact function of rhamnolipids is still unclear. They seem to play multiple roles, as their presence promotes uptake of hydrophobic substrates (1, 3, 42) and alters cell surface polarity (1, 11, 66) . Rhamnolipids also have antimicrobial activities against other bacteria (19) and are able to disrupt Bordetella bronchiseptica biofilms (25) . In P. aeruginosa biofilms rhamnolipids are suspected of playing a role in maintaining fluid channels and the detachment of cells from the biofilm community (7, 15, 18) . Furthermore, they appear to act as virulence factors because they severely affect normal tracheal ciliary function (49) , inhibit the phagocytic response of macrophages (41) , and act as heat-stable hemolysins (26) . Swarming motility of P. aeruginosa is affected by rhamnolipids and HAAs, most probably by a reduction of surface tension, which causes the surface conditioning needed for efficient colonization (16, 38) .
Several lipolytic enzymes are secreted by P. aeruginosa, including the esterase EstA, which is an autotransporter protein located in the outer membrane (63) . Autotransporters predominantly show physiological functions related to the virulence of the corresponding organisms (20) . EstA was found to be required for full virulence in a rat model of chronic respiratory infection (45) , but its exact physiological function remains to be elucidated.
Since we considered rhamnolipid as a plausible candidate substrate for EstA, we have compared several rhamnolipidrelated physiological functions of wild-type P. aeruginosa with an estA-negative mutant and a strain overexpressing estA from a plasmid. Surprisingly, we observed that an EstA-deficient mutant strain failed to produce rhamnolipid whereas the overexpression of estA significantly enhanced the rhamnolipid yield in the culture supernatant. Furthermore, we could demonstrate that EstA is required for swimming, swarming, and twitching of P. aeruginosa. These effects were found to depend on the catalytic activity of EstA. An enzymatically inactive EstA variant obtained by replacing the catalytic serine with alanine failed to complement the estA mutant phenotypes.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains and plasmids used in this study are listed in Table 1 . Escherichia coli was routinely grown at 37°C in Luria-Bertani (LB) medium or on LB agar plates (53) . P. aeruginosa was grown at 30°C in LB medium or in rhamnolipid-promoting PPGAS medium (0.02 M NH 4 Cl 2 , 0.02 M KCl, 0.12 M Tris-HCl, 1.6 mM MgSO 4 , 0.5% [wt/vol] glucose, 1% peptone; adjusted to pH 7.2) (62). Agrobacterium tumefaciens was grown at 28°C in AB minimal medium (12) supplemented with 0.2% glucose (ABG).
When required, antibiotics were added to the media at the following concentrations: tetracycline (Tc), 25 g ml Ϫ1 (E. coli) or 100 g ml Ϫ1 (P. aeruginosa); ampicillin, 100 g ml Ϫ1 (E. coli); carbenicillin, 500 g ml Ϫ1 (P. aeruginosa); streptomycin (Sm) and spectinomycin (Sp), 25 g ml Ϫ1 each (E. coli) or 100 g ml Ϫ1 each (P. aeruginosa); chloramphenicol, 50 g ml Ϫ1 (E. coli) or 300 g ml
Ϫ1
(P. aeruginosa); gentamicin, 30 g ml Ϫ1 (A. tumefaciens). General DNA manipulations. Plasmid DNA was purified as described by Birnboim and Doly (6), followed by anion-exchange chromatography on QIAGEN GmbH (Hilden, Germany) tips. Recombinant DNA techniques were performed essentially as described by Sambrook et al. (53) . Restriction endonuclease reactions and bacteriophage T4 DNA ligase treatments were done as recommended by the manufacturers. DNA fragments were analyzed on 0.4 to 1% (wt/vol) agarose gels.
Construction of an estA-negative mutant. The suicide plasmid pMEestA⍀, which harbors a ⍀Sm r /Sp r cassette inserted into the estA gene, was transformed into E. coli S17-1. This strain was used to transfer the plasmid into P. aeruginosa by diparental mating (55) . For counterselection of E. coli S17-1 donor cells from P. aeruginosa after conjugation, Irgasan was used at a concentration of 25 g Construction of an inactive EstA variant by site-directed mutagenesis. In order to inactivate the enzyme activity of the esterase, we changed the codon of active-site serine into an alanine coding triplet by overlap extension PCR (22) using the mutagenesis primers listed in Table 1 . The resulting fragment was used to replace an internal EcoNI fragment of the wild-type estA gene in pBBXϩ, generating pBBXmut. The mutation was verified by DNA sequencing (QIAGEN GmbH, Hilden, Germany).
Overexpression and purification of EstA for antibody generation. Overexpression was done using pBR22estA in E. coli BL21(DE3). This plasmid is a derivative of pBR22b into which the open reading frame of the estA gene was inserted at the NdeI/XhoI sites. Expression was induced by addition of IPTG (isopropyl-␤-D-thiogalactopyranoside; 0.4 mM) at an optical density at 500 nm (OD 580 ) of 0.5, and cells were harvested 2 h after induction. EstA accumulated in inclusion bodies, which were collected by centrifugation of cell extracts after sonification of the cells. Chemically denatured (8 M urea) EstA was partly purified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (5% stacking and 10% separating gels) (34) and used for the generation of a rabbit polyclonal anti-EstA serum (Eurogentec, Belgium). The specificity of the polyclonal serum was tested and found to be ideal at a dilution of 1:85,000.
Esterase assay. Cells harvested by centrifugation were washed in KP i buffer (100 mM, pH 7.2) and disrupted by sonification, and the resulting cell extract was used to determine the esterase activity. The substrate (25 l p-nitrophenylcaproate [Sigma] dissolved in 5 ml ethanol) was added to 100 ml of KP i (100 mM)-MgSO 4 (10 mM) buffer (pH 7.2). This test solution (1.5 ml) and cell extracts (5 to 20 l) were mixed, and ⌬OD 410 min Ϫ1 was monitored at 30°C. Cultivation of P. aeruginosa biofilms. Biofilms were grown on glass slides (Superior; Marienfeld Company) in flow chambers with individual channel dimensions of 3 by 8 by 54 mm for 72 h at 30°C in modified PPGAS medium (0.05% glucose, 0.1% peptone, 2 mM NH 4 Cl, 2 mM KCl, 100 mM Tris, 10 mM MgSO 4 , 10 mM KNO 3 , pH 7.5) or modified alginate-promoting medium (100 ml of a solution containing 100 mM Na-D-gluconate, 100 ml of a solution containing 100 mM KNO 3 , and 50 ml of a solution containing 10 mM MgSO 4 and 750 ml phosphate buffer [1.03 g NaH 2 PO 4 , 2.93 g K 2 HPO 4 , pH 7.5]). All strains used for biofilm formation assays were chromosomally tagged with gfp as a fluorescent label for confocal laser scanning microscopy (31). The flow system was assembled and prepared as described previously (13) . The cultures for inoculation of the flow chambers were prepared as follows. Overnight liquid cultures of P. aeruginosa were plated on PPGAS agar plates including the appropriate antibiotic and incubated overnight at 30°C. Thereafter bacteria from single colonies were resuspended in medium, cells were counted in a Abbe-Zeiss counting cell chamber, and the flow chambers were inoculated by injecting 1 ϫ 10 7 cells/ml in 5 ml flow medium. After inoculation flow channels were left without flow for 1 h for initial adhesion of the inoculum to the glass surface. Medium flow was kept at a constant rate of 20 ml/h, equivalent to a mean flow velocity of 0.02 mm/s.
Microscopy and image acquisition. All microscopic observations and image acquisitions were performed on a confocal laser scanning microscope (LSM 510; Carl Zeiss Jena, Jena, Germany) equipped with detectors and filter sets for monitoring green fluorescent protein fluorescence.
Motility. Surface motility of P. aeruginosa was monitored on PPGAS agar plates, which had agar concentrations of 0.5% for the swarm plates, 0.3% for the swim plates, and 1.5% for the twitching motility plates. The swarm agar plates contained glutamate (0.05%) instead of NH 4 Cl. In the case of swimming and swarming the bacteria were staked on top of the agar, whereas for monitoring of twitching motility the bacteria where staked through the agar to colonize the interphase between the petri dish and agar.
Rhamnolipid analysis. Cultures were adjusted to an initial OD 580 of 0.05 and grown in 200 ml PPGAS medium supplemented with the appropriate antibiotics in 2-liter Erlenmeyer flasks at 30°C and 200 rpm for 48 h.
The orcinol assay is a colorimetric test to determine the amount of hexose sugars. This assay was used for the quantification of rhamnolipid (3-deoxyhexose) in the culture supernatant. A volume of the culture supernatant (10 to 300 l) was diluted with water to attain a volume of 300 l, which was extracted twice with 600 l diethylether. The pooled ether fractions were evaporated to dryness, and the remainder was dissolved in 100 l distilled water and mixed with 100 l 1.6% orcinol and 800 l of 60% sulfuric acid. After heating to 80°C and shaking at 175 rpm for 30 min, the OD 421 was measured. The content of rhamnose in the samples was determined by comparing with rhamnose standards with a defined concentration. Rhamnolipid concentration was calculated based on the assumption that 1 g of rhamnose corresponds to 2.5 g of rhamnolipid (43) .
TLC. The extracted rhamnolipids were dissolved in chloroform-methanol (9:1) in the concentration of 10 mg/ml, and 2 l of the sample was spotted onto thin-layer chromatography (TLC) plates (silica gel 60 F 254 ; Merck). After development in chloroform-methanol-acetic acid (65:15:2), the TLC plates were dipped in the reagent 15% H 2 SO 4 in ethanol and incubated for 2 to 5 min at 100°C.
Acyl-homoserine lactone (AHL) detection by an A. tumefaciens-based bioassay (9). Supernatants from P. aeruginosa stationary-phase cultures (500 l) were extracted twice with 400 l dichloromethane and dissolved in 5 l of ethylacetate. Wells were punched in 1.5% agar plates with a sterile inoculating loop, and the extracts were filled in. After 15 min the ethylacetate was evaporated. Afterwards the plates were overlaid with 5 ml overnight culture of A. tumefaciens
. The plates were incubated overnight at 30°C.
RESULTS
Phenotypic characterization of an estA-negative P. aeruginosa mutant. An estA-negative mutant of P. aeruginosa PAO1 was constructed by deletion of an internal fragment of the estA structural gene and insertion of a resistance marker cassette. This construct was then cloned into a suicide vector, and the resulting plasmid was used for homologous recombination, resulting in allelic exchange of estA in P. aeruginosa. As expected the estA mutant showed no esterase activity in preparations of the outer membrane, and Western blot analysis demonstrated that the EstA protein was completely absent. Preliminary characterization of the P. aeruginosa esterase-negative mutant revealed no obvious physiological differences compared to the wild type concerning the growth behavior under different culture conditions and in different growth media (data not shown). This indicates a physiological role for EstA which is not essential under standard laboratory conditions. For complementation purposes and moderate overexpression of the wild-type estA gene in P. aeruginosa the broadhost-range plasmid pBBXϩ (63) was used.
EstA is required for rhamnolipid production. EstA has been shown to possess esterase activity, but the natural substrate of the enzyme is presently not known as well as the physiological circumstances under which its function is relevant for P. aeruginosa. However, it was not unrealistic that EstA, as a surfaceexposed esterase, might be somehow involved in hydrolysis of ester bonds in compounds present on the cell surface or in the culture medium. Taking into account that EstA, as an autotransporter protein, was suspected of having virulence-related functions, we tentatively suspected rhamnolipids of being potential substrates for EstA because rhamnolipids are virulence determinants secreted by P. aeruginosa. The major rhamnolipids of P. aeruginosa contain one or two rhamnose moieties linked to two units of decanoic acids connected by an ester bond and thus might be cleavable by EstA.
In order to test the assumption that EstA might somehow be involved in the turnover or modification of rhamnolipid, its extracellular concentration was analyzed. Therefore, cultures of wild-type P. aeruginosa PAO1 and the estA mutant were grown in PPGAS medium, which is known to promote rhamnolipid production (62) . Culture supernatants were collected after 48 h of growth, and rhamnolipids were extracted and subjected to TLC analysis. Indeed, we could detect a clear difference in rhamnolipid production between the two strains. VOL. 189, 2007 EFFECT OF P. AERUGINOSA EstA ON RHAMNOLIPID PRODUCTION 6697
As shown in Fig. 1 and 2 the amounts of both mono-and dirhamnolipid were affected in the estA mutant compared to the wild type. Unexpectedly, the estA mutant was completely unable to produce both major rhamnolipids (Fig. 2) , which is contradictory to the assumption that inactivation of a potential rhamnolipid-hydrolyzing enzyme should result in accumulation of this compound. However, these findings suggested a potential role for EstA in rhamnolipid production rather than in its turnover by hydrolysis although its physiological role in this process was not obvious. The biosynthesis pathway of rhamnolipid is largely characterized, and there is no obvious requirement for an esterase activity in this pathway (56) . At present it is completely unknown how rhamnolipids are secreted into the environment, and it can be speculated that this process may be mediated by a pore-forming protein of the outer membrane. EstA belongs to the autotransporter protein family and is composed of two distinct domains, of which the N-terminal domain harbors the enzymatic activity whereas the C-terminal transporter domain represents a beta-barrel pore in the outer membrane. Although it has not been reported that substrates other than the corresponding passenger domain itself can be secreted across the outer membrane by these domains, one can speculate that the pore-forming domain of the EstA transporter domain might serve as a translocation pore for rhamnolipid.
In order to distinguish whether the pore-forming C-terminal translocator domain of EstA might be the relevant part of EstA for rhamnolipid production and responsible for the rhamnolipid-negative phenotype of the estA mutant rather than the enzyme activity of the passenger domain, we constructed an inactive variant of EstA. The predicted active-site serine 38 residue (63) was replaced by an alanine using sitedirected mutagenesis. The loss of enzyme activity of the EstA variant (EstA*) was confirmed by expression from plasmid pBBXmut in the estA-negative mutant and subsequent activity measurement, thereby demonstrating that in fact serine 38 is the active-site serine. In addition, expression of EstA* and correct localization of the protein in the membrane were verified by Western blot analysis and found to be unaffected by the mutation (data not shown). In addition we know also from our work that even in the heterologous host E. coli another inactive EstA* variant resides on the cell surface (5).
The amount of rhamnolipids produced by the strains was determined by the orcinol assay (10) . The cultures were grown as described above; culture supernatants were collected, and rhamnolipids were extracted. The data were corrected according to the minimal variation of cell densities. The results of these experiments shown in Fig. 1 revealed a significant difference in the amounts of rhamnolipids between wild-type, estAnegative, and estA-overexpressing strains. The rhlA-negative strain is known to be completely defective in rhamnolipid syn-FIG. 1. Amounts of rhamnolipids in culture supernatants of different P. aeruginosa PAO1 strains. The amounts of rhamnolipids in culture supernatants were determined by an indirect assay (orcinol test). Wild-type (wt) P. aeruginosa PAO1, the estA mutant, and mutants overexpressing estA from plasmid pBBXϩ and pBBXmut (inactive variant) were compared, and the rhlA mutant and strains containing the empty vector pBBR1MCS (V) served as controls. Culture supernatants were collected after 48 h of growth. The results were plotted into two diagrams because of the significant differences in the rhamnolipid amounts. Standard deviations were derived from three independent experiments.
FIG. 2. TLC separation of extracellular and cell-bound rhamnolipids from P. aeruginosa. P. aeruginosa PAO1 (wild type [wt]
) and the estA-negative mutant (estA-) were examined for rhamnolipid production. Rhamnolipids were extracted from cultures which were grown for 48 h in PPGAS medium. The rhamnolipid standard (RL) was purified from P. aeruginosa. Rhamnolipids were separated by TLC and stained with a reagent containing orcinol and sulfuric acid in ethanol.
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thesis and thus served as a negative control. The rhamnolipid production of the estA mutant could be restored by complementation with the plasmid pBBXϩ, harboring the wild-type estA gene. In contrast, complementation failed when the inactive estA variant was expressed from the same plasmid (pBBXmut). Interestingly pBBXϩ not only restored rhamnolipid production of the mutant strain but also significantly increased the amount of rhamnolipid produced when it was introduced into the wild type. These data indicate that rhamnolipid production of P. aeruginosa essentially depends on EstA, which appears to play the role in rhamnolipid biosynthesis of limiting the yield of rhamnolipids in the wild-type background. Moreover, the failure of the inactive variant in complementation of EstA-dependent rhamnolipid production demonstrates that the enzymatic activity of EstA in fact is the relevant function of the protein for rhamnolipid production. This is consistent with the finding that no accumulation of rhamnolipids within the cell was observed in the estA mutant (Fig. 2) . The production of rhamnolipid in P. aeruginosa is regulated by a quorum-sensing system involving AHLs as signal molecules or "autoinducers." Riedel and coworkers (51) found that inactivation of an EstA homologue in Serratia liquefaciens resulted in reduced levels of AHLs. However, this effect was observed only under specific artificial experimental conditions, namely, when the growth medium was supplemented with unusually high concentrations of Tween 20 as artificial lipid substrates, whereas it remained uncertain without lipid supplementation (51). In the experiments presented in this report the bacteria were grown without any lipid supplementation. Under these conditions the estA-negative mutant produced signal molecules which could be detected by the A. tumefaciens-based bioassay (Fig. 3) . In this bioassay AHLs are detected using a reporter strain which harbors an AHL-responsive promoter fused to the ␤-galactosidase gene (lacZ::traG), which converts X-Gal, resulting in formation of blue halos in the presence of autoinducers (9) . Compared to supernatants of the wild type, those of the estA-negative mutant raised halos of the same size and thus contained equal amounts of AHLs. In contrast supernatants of the lasRI rhlRI quorum-sensing mutant, which served as a negative control, produced no visible halo in the bioassay. This demonstrates that the production of the AHLs detected by the A. tumefaciens bioassay is unaffected in the estA mutant and that the EstA-dependent effects on rhamnolipid production are not the result of alterations of these AHL levels.
Motility and biofilm formation of the estA mutant. Some phenotypes of P. aeruginosa which are physiologically connected to rhamnolipid production were investigated in the estA mutant. Rhamnolipid production has been reported to promote surface translocation on semisolid surfaces, i.e., swarming motility is facilitated by reduced friction through the action of rhamnolipid detergent (32). In fact, as expected, the esterase-negative mutant strain showed no swarming motility (Fig.  4) , which is consistent with the lack of rhamnolipid production.
Swarming motility of P. aeruginosa depends on the functionality of both type IV pili and flagella (32) . To further dissect the swarming motility deficiency phenotype of the EstA mutant, twitching motility and swimming were also analyzed. Interestingly, in addition to swarming, both other forms of surface motility were completely absent in the estA mutant. Motility could not be restored by addition of wild-type amounts of rhamnolipid to the growth medium of the estA mutant, suggesting that the rhamnolipid deficiency is not the direct cause of the nonmotile phenotype (Fig. 4D) .
In biofilm formation the ability of bacterial cells to move on surfaces plays an important role in achieving the mature threedimensional biofilm architecture (29, 30) . Since the esterase mutant strain appeared to be unable to display any type of motility, we suspected that the formation or the structure of biofilms might be different from that of wild-type biofilms.
Indeed, differences in biofilm formation and maintenance were observed with this strain. Compared to that of the wild type, the estA mutant biofilms were characterized by a significant reduction in surface coverage. The mutant strain appeared to form biofilms consisting of large aggregates of cells with regions of extremely low cell densities between the individual microcolonies, as expected for nonmotile strains that can expand only by clonal growth (Fig. 5) .
DISCUSSION
We have previously identified a lipolytic enzyme located in the outer membrane of P. aeruginosa. This enzyme was designated esterase EstA and was shown to be exposed on the surface (63) . The esterase is secreted to the outer surface by the so-called autotransporter mechanism or type V secretion pathway (21, 63) . After translocation to the cell surface, most autotransporter proteins are processed proteolytically and the N-terminal passenger domain is released from the outer membrane or remains attached to the translocator domain by noncovalent interactions. There are very few exceptions, i.e., where autotransporter passenger domains remain covalently attached to their translocator domains. However, most of these autotransporter proteins belong to the "oca" subfamily of tri- (51, 59, 63) . Whereas an adhesin remaining bound to the cell surface can easily be considered a biological benefit, the physiological need for a covalently cell surfacebound lipolytic activity, as for EstA or McaP, is less obvious. However, this unique surface exposition of these enzymes in combination with the generally virulence-associated role of autotransporter proteins suggested that the physiological role of these cell surface esterases might be somehow related to the turnover of lipid compounds, which may be extracellular or derived from the outer membrane. This led us to the assumption that rhamnolipids as extracellular lipid compounds which contain ester bonds might be potential substrates for EstA. Since rhamnolipids are also virulence factors, this would create a link between EstA and virulence. In order to investigate the potential effect of EstA on the yield of rhamnolipids in P.
FIG. 4. Swimming (A), swarming (B)
, and twitching (C) motility of P. aeruginosa PAO1. Wild-type P. aeruginosa (wt) and estA-negative mutant (estA-) strains were analyzed on agar plates. In addition the estA-negative mutant was transformed with different plasmids, i.e., the empty vector (v) as a negative control, the estA-carrying plasmid pBBXϩ, and a mutated version of pBBX coding for an inactive esterase (pBBXmut). The agar plates contained different agar concentrations to establish swimming (0.3%) and swarming (0.5%) motility and were incubated overnight at room temperature (swimming) or at 30°C (swarming plus twitching). (D) Motility of the P. aeruginosa estA mutant with the addition of exogenous rhamnolipids (RLs) and the wild type was monitored. Extracted RL was added to the agar plates at a concentration of 0.4 g/liter, which represents the wild-type level of RLs.
FIG. 5. Biofilm confocal laser scanning micrographs of different P. aeruginosa strains. P. aeruginosa PAO1, the estA mutant, and mutants overexpressing estA from plasmids pBBXϩ and pBBXmut (inactive variant) were compared, and the strain containing the empty vector pBBR1MCS (V) served as a control. Biofilms were grown in a flow cell, and section pictures were taken after 24 and 72 h of growth with ϫ630 magnification.
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aeruginosa, an EstA-deficient mutant was constructed, and this strain was found to produce only marginal amounts of rhamnolipid. This was unexpected, since it suggests that EstA plays a potential role in rhamnolipid production, although there is no obvious function in the rhamnolipid biosynthesis pathway which might directly require the enzymatic activity of an esterase. Rhamnolipid production in P. aeruginosa is controlled by the hierarchical quorum-sensing regulatory cascade composed oft the LasR/I and RhlR/I systems (56). In S. liquefaciens EstA has been suspected of indirectly influencing the synthesis of quorum-sensing molecules by providing the cells with fatty acids (51) . However, this was only the case when cells were grown in media supplemented with high concentrations of Tween 20 as a synthetic lipid substrate. Without lipid supplementation S. liquefaciens EstA had no effect on autoinducer synthesis and the relevance of the observed effects on autoinducer production under physiological conditions remained unclear (51) . In contrast to this the growth medium used in our study was not supplemented with lipids as potential substrates for EstA of P. aeruginosa. The A. tumefaciens bioassay for autoinducers of the AHL type revealed that the production of the detectable signal molecules was not affected in the estA mutant under these growth conditions. This indicates that the observed decrease in rhamnolipid production of the EstAnegative strain is probably not due to the level of autoinducer molecules and the corresponding effects on quorum-sensing regulation.
Inactivation of the estA gene not only resulted in rhamnolipid deficiency but also influenced other virulence-related functions like cellular motility, i.e., swimming, twitching motility, and swarming. So far, among the three modes of motility of P. aeruginosa only swarming has been found to depend on the presence of rhamnolipid, probably due to the wetting properties of this biodetergent, which might be required for the movement of cells on semisolid surfaces (16, 32) . A physiological link between swimming and twitching motility has not been described so far, although both are well characterized. This strongly suggests that the decreased amount of rhamnolipids in the estA mutant is not the reason for these motility defects but is an additional phenotype which is somehow coinfluenced by the inactivation of EstA.
Consistent with the finding that rhamnolipid production and motility were severely affected by EstA, biofilms formed by the estA mutant were also different from wild-type biofilms. The formation of biofilms in P. aeruginosa is a highly complex process in which motility of the cells, nutrition, quorum sensing, and rhamnolipid production play important roles to obtain the architecture of mature biofilms (15, 29, 30) .
The capability of cellular motility and rhamnolipid production could be restored when the wild-type gene was expressed from a plasmid, whereas the inactive variant was not functional for complementation of these phenotypes. The loss of rhamnolipid production in the estA mutant could serve as only a partial explanation for the observed motility phenotypes in the case of swarming. Interestingly, this is consistent with the finding that motility of the EstA mutant could not be restored by the exogenous addition of rhamnolipids to the medium (Fig.  2) . Moreover, the wild type and the estA mutant were mixed in equal quantities and cocultivated on swarming assay plates, and cells were isolated from the swarming front. As assayed by determining the CFU on antibiotic agar plates only 0.1% of the cells in the swarming front were of the estA mutant strain (data not shown). This strongly suggests that swarming cannot be rescued for the estA mutant by any diffusible compound produced by EstA in the wild type. The fact that the enzyme activity of EstA is responsible for the observed phenotypes shows that, probably by hydrolysis of a yet-unknown compound, EstA stimulates rhamnolipid production, cell motility, and possibly other yet-unrevealed cellular functions. Preliminary results of transcriptome analysis after 6 and 24 h of growth suggest a set of possible molecular explanations for single effects observed with the estA mutant (data not shown). Consistent with the rhamnolipid deficiency, the genes rhlB and rhlC, coding for rhamnosyltransferases I and II, the key enzymes in rhamnolipid biosynthesis, appear to be significantly downregulated in the estA mutant. In addition, expression of several genes involved in the biogenesis of type IV pili is reduced in the mutant. Among them are the pilA, pilX, pilG, and pilB genes, which are encoded in different operons at different loci of the P. aeruginosa chromosome. This strongly suggests that pilus biosynthesis and function are severely affected in the estA mutant, which in turn may explain the defects in twitching and swarming motility and, in part, the differences in biofilm architecture. In contrast, there is no indication of different expression of genes involved in biosynthesis or function of flagella which could serve as an explanation for the lack of swimming. The different phenotypes affected by EstA have no obvious physiological or regulatory link and thus cannot be explained satisfyingly and in a comprehensive way at the moment. Myxococcus xanthus and P. aeruginosa exhibit type IV pilus-dependent cellular motility, and both are affected by gradients of phospholipids as a kind of chemoattractant (8, 27, 28) . In P. aeruginosa this chemotaxis-like motility has been shown to depend on the activity of an extracellular phospholipase C, which liberates diacylglycerol from phosphatidylethanolamine (2). This reaction is supposed to be the first step in a potential lipid signaling-like process which may involve further reactions catalyzed by other lipolytic enzymes like esterases and lipases (8) . EstA has to be considered a candidate enzyme for such downstream reactions. However, not only twitching motility is affected by EstA; all other forms of motility and cellular functions like rhamnolipid production and biofilm formation appear to require this enzyme. This indicates that a potential signal molecule generated by the EstA enzyme activity may be part of an important signaling cascade which may even be involved in the regulation or modulation of other virulence-associated functions of P. aeruginosa. However, to define an exact role of EstA will require analysis of the lipid composition as well as further detailed analysis of transcriptome data.
